Abstract Geomagnetic disturbances caused by solar storms have the potential to create large-scale geomagnetically induced currents in long conductors at the Earth's surface. These may disrupt the operation of electric power grids and cause blackouts. Ocean-continent boundary regions are of particular concern because of the sharp contrast between the higher ocean electrical conductivity compared to the lower continental conductivity. This contrast may generate high-amplitude geoelectric fields and cause power grids in coastal regions to be more vulnerable to space weather hazards. Previously, analytical calculations were used to estimate geomagnetically induced currents at ocean-continent boundaries. However, for the analytical equations to be solvable, the physics and geometries of the problem were simplified. As a result of these simplifications and due to a lack of published measurements examining this issue in coastal regions, it is difficult to know for sure whether there are unique hazards to electric power grids at ocean-continent boundaries. In this paper, a grid-based, time domain modeling approach is used to solve the complete Maxwell's equations, which permits accommodation of (1) the complete physics of the propagating electromagnetic fields from disturbed ionospheric currents through the air and into the lithosphere and even into the ocean via the skin effect and (2) more realistic coastal geometries. Using this more robust approach, in the variety of scenarios studied in this paper, only a local enhancement of the electric fields was observed, which are expected to only pose potential hazards to power grids only a local scale near ocean-continent boundaries.
Introduction
The Sun ejects an enormous amount of plasma and magnetic fields during coronal mass ejections. When directed toward the Earth, these charged particles and magnetic fields can interact with the Earth's magnetosphere and generate a geomagnetic storm (Kappenman, 2010) . This increases the movement of plasma in the magnetosphere. Disturbed currents are also produced in the ionosphere (including ionospheric currents, ring current, and field-aligned currents) leading to a very complex distribution of currents all the way down to an altitude of~100 km, where they are called enhanced polar electrojets and equatorial electrojets (Boteler & Pirjola, 1998) . These disturbed currents can disrupt the electromagnetic fields at the Earth's surface, cause large geoelectric fields over large distances, and lead to geomagnetically induced currents (GICs) in long conductors and disruptions or even blackouts to electric power grids.
The largest geomagnetic storm on record occurred in 1859 (British Geological Survey, 2011; Carrington, 1859) . That storm caused electric shocks to telegraph operators communicating over 100-km-long wirelines. As a result, business transactions requiring telegraphic exchanges were completely shut down in the world's major capitals (Odenwald, 2002) . A 2008 U.S. National Academy of Sciences space weather report (National Research Council of the National Academies, 2008) indicates that extreme space weather events "though rare, are likely to occur again sometime in the future." However, a reoccurrence of an 1859-magnitude space weather (coronal mass ejection-driven geomagnetic) storm could disrupt modern society to a much greater degree than in 1859. An indication of this is the significantly smaller-scale March 1989 geomagnetic storm that caused the HydroQuebec power grid to fail for 9 hr, leaving six million customers without electricity and having an overall economic cost in the millions of dollars (Bolduc, 2002) .
To study potential space weather hazards to electric power grids, electromagnetic fields at the surface of the Earth must be known. The amplitude of the horizontal geoelectric field and its spatial extent along the Earth's surface is a primary factor that determines whether GICs will couple to a power transmission line or not. Another crucial factor is how robust the power transmission system is to GICs. Fundamentally, the amplitude of the surface geoelectric field may be predicted if the following is taken into account: (1) current behavior in the ionosphere (and ideally also the magnetosphere), (2) ionosphere-magnetosphere electrochemical dynamics, (3) the conductivity profile of the lithosphere, and (4) and regional topography (i.e., proximity to oceans).
Multiple approaches have been previously used to estimate the electromagnetic fields at the Earth's surface due to ionospheric currents, including, for example, the Biot-Savart law (Pulkkinen et al., 2007) , complex image theory (Pulkkinen et al., 2007) , method of auxiliary sources (Shepard & Shubitidze, 2003) , plane wave method (Viljanen et al., 2006) , volume integral equation technique (Oijala et al., 2014) , and the finite element method (Matandirotya et al., 2015) . These approaches are particularly useful for studying surface electric fields (and GICs) over long time spans (on the order of minutes to hours), when infinite propagation speeds of the ionospheric currents can be assumed, and when the geometries can be assumed to be homogenous or highly simplified. (We note that although finite element method is capable of modeling sophisticated geometries, the work of Matandirotya et al., 2015 , simulated only a 2-D layered geometry and assumed an incident plane wave).
Of particular interest in this paper is the behavior of surface electromagnetic fields (and GICs) near oceancontinent boundaries during geomagnetic storms. Ocean-continent boundaries have the potential to pose unique hazards during geomagnetic storms to electric power grids located in the vicinity of a coastline. The sharp contrast in the electrical conductivity between the ocean electrical conductivity (~3 or 4 S/m, depending on salinity and temperature) and the continent (on the order of 0.1 or 0.001 S/m) can generate large geoelectric fields between the two regions. As a result, large currents may flow in the relatively low-conductivity ground near ocean-continent boundaries. This could result in large GICs flowing in any overlying conductors.
A number of publication have included the general physics of GICs in coastal regions (e.g., Beamish et al., 2002; Bailey & Edwards, 1976; Chan et al., 1981; Dosso et al., 1980; Edwards et al., 1971; McKay, 2004; Miles & Dosso, 1980; Torta et al., 2017) or on a global scale (e.g., Olsen & Kuvshinov, 2004; Püthe et al., 2014) . These papers have greatly advanced our understanding of geomagnetic hazards; however, they did not examine electric field variations along realistic coastline geometries at high resolutions. A high-resolution model is extremely important along the coast, since there may be an amplification of the electric fields within a certain distance inland.
Several publications have addressed the unique physics of GICs specifically at ocean-continent boundaries (e.g., Gilbert, 2005 Gilbert, , 2014 Pirjola, 2013) . In these papers, electromagnetic fields are calculated for a homogeneous coastal slope. None of these papers have accounted for actual coastal geometries (for example, a sloping region followed by a finite depth ocean).
The thin sheet model (Vasseur & Weidelt, 1977) is widely used by GIC communities to investigate GIC effects on various infrastructures (e.g., Bailey et al., 2017; Beggan et al., 2013; Dawson & Weaver, 1979; Green & Weaver, 1978; Thomson et al., 2005) . This model can solve a 3-D quasi-static induction problem, especially in areas with larger lateral heterogeneity (in terms of conductivity) on the surface. It also provides fast computations by solving only for the horizontal components of the electric field. This approach appears to be a good candidate for studying electric fields at realistic ocean-continent boundaries at higher resolutions that is typically used for inland studies (on the order of 3 km or less rather than tens of kilometers); however, to our knowledge, this has not yet been done.
Despite all of the above publications, there is still a limited understanding of the surface electromagnetic field behavior near ocean-continent boundaries. The issue of ocean-continent boundaries and whether they pose significant risks to power grids is important, and there are still unresolved issues. This paper serves to take a closer look at this issue using an established numerical technique (the finite difference time domain [FDTD] method). FDTD provides more rigorous (full-vector Maxwell's equations) solutions and provides the capability to account for intricate details of the Earth's topography and electrical variations in 3-D. Contrary to the thin sheet model and other approaches listed above, the FDTD method also solves wideband problems effectively within one simulation.
3-D. The time-dependent Ampere's and Faraday's laws in partial differential form are discretized using central difference approximations to the time and space partial derivatives. The resulting finite difference equations are solved in a leapfrog manner: the electric field vector components (E x , E y , and E z as shown in Figure 1 ) are solved at a given instant in time, and then the magnetic field vector components (H x , H y , and H z in Figure 1 ) are solved one half time step later. This process repeats over a time span of interest.
As a time domain method, FDTD permits modeling of arbitrary source time-waveforms, variable current source orientations, and even the finite propagation velocity of the ionospheric currents. Further, as a grid-based method, FDTD permits modeling of complex geometries, such as sloping coastlines combined with finite depth oceans (rather than a coastline having a constant, infinitely long slope as in the previous analytical studies; e.g., Gilbert, 2014) .
FDTD requires a relatively small time step (on the order of microseconds for kilometer-scale grid resolutions) in order to maintain stability. As a result, it is computationally demanding for GIC studies compared to other approaches (e.g., induction equation or frequency domain approaches). Despite this, FDTD is used in the present paper to help the space weather community gain confidence in its validity and utility for GIC calculations. FDTD may provide a unique perspective since it is a time domain solution and solves the full-vector Maxwell's equations. For example, FDTD may be used to study the recently discovered intense, short timescale (on the order of seconds or less) electric fields predicted and measured during space weather events (Clilverd et al., 2010; Pulkkinen et al., 2015; Simpson, 2011) .
In this paper, the FDTD modeling approach is first validated for GIC calculations by comparing FDTDcalculated electromagnetic fields over a continent with the analytically calculated results presented in Boteler and Pirjola (1998) . FDTD-calculated electromagnetic fields above an ocean are also provided. Next, electromagnetic fields at ocean-continent boundaries are studied, including the effects of different ocean depths, lithosphere conductivities, ionospheric source frequencies (including a pulse), and ionospheric current source orientations. Finally, future FDTD modeling possibilities are discussed.
Comparison With an Analytical Result
Appendix A provides an overview of FDTD and the FDTD modeling techniques used to obtain the results provided in this paper. First, FDTD results for calculated surface electric fields are compared with analytical results. Specifically, FDTD-calculated surface electromagnetic fields are compared with the analytical results presented in Boteler and Pirjola (1998) . The electrical conductivity layering of Quebec shown in Figure 2 is modeled in a 2-D FDTD grid along with an infinitely long ionospheric current source at an altitude of 100 km above the surface of the Earth. A 2-D FDTD grid is used to exploit the symmetry of the problem. A sinusoidal source of frequency 0.003 Hz (time period: 5 min) and current magnitude of 1 million amperes is used. The current source is oriented along the x axis according to Cartesian right-hand coordinate system. The top and two sides of the model are terminated by a convolutional perfectly matched layer (CPML) absorbing boundary condition (see Appendix A for more information) that is 100 cells thick. The bottomside of the grid is terminated by a surface impedance boundary condition (SIBC; see Appendix A for more information) at a depth of four skin depths. A grid resolution of 10 km (horizontally, in the y direction) × 5 km (vertically, in the z direction) is utilized. Initially, the ionosphere is ignored (free space is assumed above the ground) in this simulation to match the scenario of Boteler and Pirjola (1998) .
Since FDTD is a time domain method, the sinusoidal source must be turned on at the beginning of the simulation (time, t = 0). Typically, FDTD simulations are time-stepped out several periods in order to achieve steady state amplitudes for comparison with frequency domain analytical results. However, since the periods (wavelengths) of interest are so long relative to the FDTD time step increment (14.75 μs), the FDTD solution reaches steady state within the first period of the simulation. This has been confirmed by running the simulation longer to see that the results do not change for longer periods of time.
The electric field along the surface of the Earth is sampled. As shown in Figure 3 , the sampled FDTD-computed electric field agrees very strongly with the exact analytical results of Boteler and Pirjola (1998) . There is a maximum 1.99% difference observed between the two curves at 0 km (directly below the source). This difference is due to the extra thick absorbing boundary condition along the edges of the model (see Appendix A) used in the FDTD model compared to the analytical model (which does not need an absorbing boundary). Similar agreement was also observed for the other field components when compared to the analytical results of Boteler and Pirjola (1998) .
FDTD can account for varying materials and geometries in a straightforward manner, so also shown in Figure 3 is the case wherein the lossy ionosphere is included. The ionosphere would be expected to attenuate any electromagnetic wave propagating toward the Earth's surface because the lower ionosphere and upper atmosphere is a lossy medium. At the low frequencies of interest in this paper, the ionosphere is approximated as an exponential conductivity profile that varies with altitude (Bannister, 1985) . This profile has been used in the past in analytical calculations (e.g., Bannister, 1985) and in global FDTD simulations (Simpson & Taflove, 2004) , both of which yielded electromagnetic field values that compared well with measurements. As seen in Figure 3 , including a homogeneous ionosphere conductivity profile is found to reduce the electromagnetic field amplitude at the Earth's surface by about 40% compared to case wherein the region above the Earth's surface is assumed to be free space. Note that all of the previous analytical studies of GICs at oceancontinent boundaries mentioned in section 1 treated the ionosphere as free space (i.e., ignored the presence of the ionosphere). The equivalent source currents assumed in the previous studies should generate a similar electric field response at the Earth's surface as when the actual currents are modeled in combination with a realistic ionosphere.
Field Strengths Over the Ocean
Electromagnetic field values are also calculated over an ocean half-space (note that more realistic ocean depths are considered in the following sections). The geometry of Figure 2 is modeled but with the Quebec lithosphere replaced by an ocean conductivity (3.3 S/m). The ocean is modeled to a depth of four skin depths for a source frequency of 0.003 Hz (each skin depth is~4.7 km), and the bottom of the grid is again terminated by a SIBC. To obtain sufficient accuracy using FDTD, the grid resolution must be set such that there are at least about 10 grid cells per wavelength within every material of interest. Since the highly conductive seawater shortens the electromagnetic wavelength significantly compared to the Quebec lithosphere layering, a higher resolution grid (compared to the simulation in section 2) is needed to account for the reduced wavelength and skin depth. A grid resolution of 3 km (horizontally, in the y direction) × 1.25 km (vertically, in the z direction) is used. A thick CPML of 1 Mm (333 cells) terminates the grid on the left and right sides (in the ±y directions).
Figure 4 (left) illustrates the FDTD-calculated electric field amplitude oriented along the x direction (E x ) and sampled along the y direction at the surface of the ocean with an ionosphere included. The peak field strength at 0 km (directly below the source) is around 0.226 V/km, which is significantly reduced from the (Boteler & Pirjola, 1998 ; red line) for a free-space ionosphere. The infinite current line source is positioned 100 km above the ground at 0 km. The blue curve is the FDTD result for an analogous scenario but including the lower ionosphere/upper atmosphere conductivity profile.
lithosphere case of Figure 3 (roughly 5.8 V/km). The distance between the e À1 values to either side of the peak amplitude obtained at the center of the grid is~240 km. Although relatively low in amplitude, the electromagnetic field values at the surface of the ocean constitute geomagnetic noise that can disturb marine instruments and naval operations (Kraichman, 1977) .
Figure 4 (right) illustrates the magnetic field component oriented along the y direction and sampled along the y direction along the surface of the ocean. The peak B y is~2,600 nT at 0 km (directly below the source).
The magnetic field intensity oriented in the z direction is of smaller amplitude (max of~75 nT) at the surface of the ocean (not shown).
Ionospheric Currents Perpendicular to Ocean-Continent Boundaries
In this section, fully 3-D and symmetrical 3-D FDTD models are used to predict the electromagnetic fields at the Earth's surface along ocean-continent boundaries wherein the ionospheric currents are oriented perpendicular to the coast. Figure 5 illustrates an example geometry with the ionospheric current extending vertically (radially) downward, horizontally across, and then vertically (radially) back upward again. Since the skin depth of the electromagnetic wave in the lithosphere is larger than that in the ocean, the FDTD models extend below the surface of the Earth to a depth of one skin depth for the lithosphere (~100 km), at which point it is terminated by an SIBC. The sides of the grid in the horizontal direction are terminated via a thick PML as in sections 2 and 3. As seen in Figure 5 , an exponential conductivity profile is used to model the ionosphere (see section 3; Bannister, 1985) . Note that the lower atmosphere (below~50 km) has almost negligible conductivity values (Nickolaenko et al., 2016) . The grid extends to an altitude of 125 km above sea level, where it is terminated by an SIBC. At 125 km, the ionosphere is a good conductor, and so the SIBC effectively mirrors the current loop that extends below it. This mirroring yields a complete current loop, ensuring continuity of current. We note that the currents above 125 km would realistically extend much higher in altitude, but the currents closest to the Earth are expected to have the largest impact on the electromagnetic fields along the Earth's surface.
Other studies (e.g., Hakkinen et al., 1989 ) also assumed a current source that traveled horizontally over a finite distance. To be conservative, the source is assumed to be 1,000 km long horizontally and centered in the x direction at the boundary between the ocean and continent (the electrojet is typically several thousand kilometers long as it stretches around the nightside portion of the planet). Shorter sources yielded smaller electric fields at the coast. The source is oriented perpendicular to the ocean-continent boundary in order to study the maximum electric fields that may be obtained at the boundary due to the source orientation. Figure 5 shows the source traveling from left to right; however, comparing different simulation results, a current source traveling from left to right versus right to left yielded the same maximum electric fields at the Earth's surface.
Results for a Sinusoidal Source at 0.003 Hz
A 3-D FDTD model is used to model a loop current source at a frequency of 0.003 Hz and down to an altitude of 100 km assuming the geometry shown in Figure 5 . A variable grid resolution is used, which attains a maximum resolution in the seawater of dx = 3 km, dy = 3 km, and dz = 1.6 km. The depth of the ocean is set to 4.8 km. The amplitude of the source is 1 million amperes. Figure 6 illustrates the horizontal electric field (E x , parallel to the ionospheric source current) obtained inland from the ocean-continent boundary where electric power grids may be located (0 km is directly at the ocean-continent boundary). There is an exponential decay of the fields inland from the coast, after which the decay is more gradual. This observed behavior agrees with the previous analytical observations in Gilbert 2014) . Specifically, for the case of Figure 6 , elevated fields are observed near the coast, but the fields decay to the e À1 value of the maximum at an inland distance of~31 km. The horizontal electric fields perpendicular to the coast (E y ) are not plotted because their amplitudes are in the negligible mV/km range because the source is only on E x and the geometry is homogeneous in the y direction.
Effect of Different Ocean Depths
The modeling scenario of Figure 5 is repeated using different ocean depths. In our models, we do not include any sediments between the water and hard rock that may be up to several kilometers thick. To reduce the computational burden, symmetrical 3-D FDTD models are used. As seen in Figure 7 , shallower oceans lead to higher electric fields at the coast. Another view of this is shown in Figure 8 , which illustrates that the electric field at the surface of the continent immediately adjacent to the coastline increases when the depth of the ocean is decreased, but there is an abrupt change when the ocean is removed (0 km ocean depth case) compared to having a very thin ocean present. In other words, the surface electric field along the coast is inversely proportional to the depth of the ocean. A surface electric current singularity is expected to be generated near the edge of a conducting plate Figure 6 . FDTD-calculated electric field oriented along the x-direction (E x ) and sampled along the x direction along the surface of ocean (located at distances >0 km) and along the surface of continent (located at distance ≤0 km). The coast is located at 0 km. Figure 7 . FDTD-calculated electric field oriented along the x direction (E x ) and sampled along the x direction inland from the coast (located at 0 km) for different ocean depths.
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Journal of Geophysical Research: Space Physics (ocean in this case) when it is illuminated by an electromagnetic wave polarized with its electric field parallel to the edge. By the tangential magnetic field boundary condition at a conducting surface, this yields a tangential magnetic field singularity near the edge of the conducting ocean surface. In the case of Figures 7 and 8 , it appears that the tangential magnetic field singularity is also influencing the tangential electric field at the edge of the ocean. (Note that the results in Figure 8 correspond to the maximum values attained on the right-hand side of Figure 7 for different ocean depths.)
Effect of Different Lithosphere Conductivity Values
Next, the lithosphere conductivity values are varied while keeping the ocean at a constant depth of 4.8 km. The results are shown in Figure 9 . Lower lithosphere conductivity values lead to a larger discontinuity of the electrical conductivity at the ocean-continent boundary.
As seen in Figure 9 , this large conductivity discontinuity leads to larger variations (larger peaks and slower decays) in the electric fields inland from the coast.
Results for a Current Pulse Covering a Range of Frequencies
In this section, an advantage of FDTD is demonstrated: arbitrary source waveforms can be utilized in FDTD grids, and these models can thus provide results over a range of frequencies of interest from a single simulation. For example, setting the ocean to a depth of 4.8 km and the lithosphere conductivity to 0.001, the source (previously a sinusoid) is changed to a Gaussian-modulated sinusoidal source waveform. The source timewaveform is shown in Figure 10a and its spectrum in Figure 10b . As shown in Figure 10b , the pulse is centered at 0.05 Hz and spans from about 0.03 to 0.07 Hz (corresponding to time periods of 14.2 to 33.3 s). The frequency range was arbitrarily chosen to show the effect of the source frequency on the electric field behavior at the surface of the Earth.
The electric fields at the surface of the Earth are sampled in time until the pulse decays to zero at each observation point along the surface of the Earth. Figure 11 illustrates the electric field inland from the coast after taking the discrete Fourier transform of the sampled time-waveforms to obtain the amplitudes at different frequencies. Lower frequencies are seen to extend further inland than higher frequencies. Observing the difference between the 14-s and 5-min period results of Figure 11 , it is expected that at sufficiently low frequencies (time periods longer than 5 min), the electric fields will be sufficiently elevated at large enough distances from the coast to pose a local risk to electric power grids. However, note in Figure 11 that almost doubling the period of the wave (from 14 to 25 s) did not result in much of a change in the horizontal extent of the elevated electric fields near the coast.
Ionospheric Currents Parallel to Ocean-Continent Boundaries
All of the previous studies considered ionospheric currents oriented perpendicular to the coast. In order to consider all possible scenarios that may lead to hazards to electric power grids, the 2-D FDTD model used in section 2 of this paper is altered to include a coastal geometry as seen in Figure 12 . The ionosphere is neglected so that the results can be directly compared with the amplitude obtained in Figure 3 . The grid is terminated by a thick PML in the x direction and on the top (+z) side; it is terminated by an SIBC on the bottom. Figure 13 illustrates the electric field sampled along the Earth's surface for the geometry of Figure 12 . Figure 13 shows that smaller amplitudes are observed when the ocean coast is present compared to when there is no ocean (there is only lithosphere). This is likely due to the electric Figure 9 . FDTD-calculated electric field oriented along the x-direction (E x ) and sampled along the x-direction inland from the coast (located at 0 km) for different lithosphere conductivities.
field being influenced by the underlying local average conductivity within a certain distance perpendicular to the coast (the surface electric field is influenced by a spatially averaged conductivity value of the underlying ground/ocean). Earlier, it was observed in Figure 3 that a low lithosphere conductivity leads to a high surface electric field amplitude. Conversely, it was observed in Figure 4 (left) that a high conductivity ocean water leads to a low surface electric field amplitude. Thus, for the geometry of Figure 12 , a local averaging of the underlying conductivities near the coastline raises the effective conductivity (compared to the lithosphereonly case). This reduces the surface electric fields in that region. In Figure 13 , since the electric fields near the coastline are reduced due to the presence of the ocean, ionospheric currents oriented parallel to the coast are, in general, not expected to pose a threat to power grids.
Coastal Modeling of the North-Western United States
Modeling more realistic ocean-continent scenarios using FDTD is a matter of assigning different grid cells specific material parameters (conductivity and permittivity) depending on the position of the grid cell (within an ocean, lithosphere, or atmosphere region). As a test case, the north-western coast of the United States spanning from 43°to 49°(latitude) and 117°W to 129°W (longitude) is modeled. High-resolution global topography/bathymetry data (ETOPO1 Bedrock, cell-registered, xyz) provided by the National Geophysical Data Center are projected at a resolution of 3 km (matching the grid resolution) into a 3-D FDTD model (adapted from the model of Figure 5 ). Figure 14 shows the contour plot of the coastal topography that is modeled in the 3-D FDTD grid.
A realistic conductivity composition of the continent is obtained from U.S. Geological Survey (Fernberg, 2012) . Four different conductivity data sets are modeled in their respective regions of the grid: (1) Pacific Border (Willamette valley), (2) Pacific Border (Puget Lowlands), (3) Cascade-Sierra Mountains, and (4) Columbia Plateau. Conductivity data for under the Pacific Ocean are obtained from Hermance (2013) , which corresponds to average conductivity values around the Pacific Ocean. The source is an ionospheric electrojet flowing perpendicular to the coastline (in the east-west direction) with a Cauchy (amplitude variation) distribution parallel to the coastline (Boteler et al., 1999) . The Cauchy distribution has the form j y ð Þ ¼ I π À Á a a 2 þy 2 parallel to the coast, where I = 10 6 A, a = 25 km (assumed here) and y is the distance from the center of the source. In the above expression, "a" refers to the half width at half maxima, or where the current amplitude is reduced by one half. The same boundary condition, ionosphere, and source frequency are used as in the previous 3-D modeling ( Figure 5 ). 
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United States. The steady state tangential electric field at 0.003 Hz on the surface of coastal surface (as shown in Figure 14a ) is shown in Figure 14b . The tangential electric field is observed at the ground surface (just above the ocean and just above the ground/mountains). The electric field polarized in the x direction (east-west direction) is most enhanced at the region where the slope of the bathymetry becomes less steep, at the coast, as well as by the mountains (where the topography and electrical conductivity changes). However, this enhancement decays very fast, which is accordance with the previous observations (see Figure 6 ). Note that the enhancements obtained at the coast are comparatively smaller than in the previous simulations (particularly Figure 6) , since the source in this section involves a Cauchy distribution (the current is distributed over a larger region parallel to the coastline) rather than a line current.
Discussion
FDTD is a numerical technique that is straightforward to apply to complex geometries and material inhomogeneities. However, because it solves the complete Maxwell's equations, FDTD is computational intensive. Other analytical methods use simplified geometries and/or perform empirical data curve fitting in order to provide fast solutions. Using FDTD on the other hand, accounting for complex geometries and inhomogeneities is a matter of assigning individual grid cells different electrical conductivity and permittivity values. As a result, more realistic ocean geometries were modeled using FDTD than previously possible using analytical formulations. Different ocean depths, lithosphere conductivities, and source frequencies, as well as a varying topography and lithosphere composition scenario, were tested for ionospheric currents oriented perpendicular and then parallel to the coast.
FDTD modeling demonstrated that surface electric fields are enhanced near ocean-continent boundaries. However, these enhancements are highly localized to the coast. The enhancements extend farthest inland for three general scenarios:
1. Shallower oceans: there is an inverse relation between the coastal surface electric field amplitude and the ocean depth. 2. Low conductivity lithosphere: the larger conductivity contrast between the continent and the ocean leads to a higher amplification of the fields. 3. Low-frequency ionospheric disturbances: for lower frequency ionospheric sources, the amplified fields extend slightly further inland.
For the three scenarios above, the electric field enhancements only extend a few more kilometers inland than for other cases (deeper oceans, higher conductivity lithospheres, and higher frequency ionospheric currents).
Power grids are designed to hold up against localized events, such as lightning strikes, hurricanes, fires, or weather events that may disrupt a small section of the grid (a small number of transformers). For an ocean-continent boundary to pose a distinct risk to electric power grids during a space weather event, high-amplitude electric fields would need to extend sufficiently inland from the coast , thereby disrupting a large number of transformers at different power grid stations. In other words, when high-amplitude electric fields extend over such a large region, they put at risk a large number of transformers-potentially, a larger number than the grid is typically designed to withstand (i.e., a larger number than a localized event Figure 12 . 2-D FDTD model geometry for the case of an ionospheric current oriented parallel to the coastline. The bottom of the grid is terminated by an SIBC. Since the resolution within the ocean is dy = 3 km and dz = 1.6 km, the slope of the transition from the continent to the ocean is 1 cell down for every 16 horizontal cells. (Note: not drawn to scale.) Figure 13 . Comparison of the electric field amplitude oriented along the x direction (E x ) and sampled along the y direction for the case of an ionospheric current oriented parallel to the coast between the case with only lithosphere (red plot) and the case with ocean coast (green plot).
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Journal of Geophysical Research: Space Physics would impact). Since the FDTD modeling indicates that electric fields are amplified over only a relatively short distance from the coasts (as in Figure 6 ), it is expected that only a small fraction of transformers may be impacted in coastal regions. This coastal effect during a geomagnetic storm would represent a "localized event," which power grids are designed to hold up against.
Thus, high conductivity contrasts at ocean-continent boundaries are not expected, in general, to pose a distinct threat to power grids and cause widespread blackouts. Certain power grid topologies and infrastructures that are located close to the coast, or on islands and peninsulas, might be more susceptible to ocean-continent boundary conditions; the proposed methodology can be used to assess the risk under such particular circumstances. We note that power grids on islands and along peninsulas are unique and may need to separately assess any special hazards in the coast regions.
When one or a few components of a power grid fail, it puts additional burden on the remaining components of the power grid. This can lead to a cascade of failures. Cascading failures of transformers have been reported in the literature during large geomagnetic storms (Kappenman, 2004) . In this case, transformers at different substations may heat up and become saturated. If this results in cascading failures, the failures will likely not propagate systematically in the grid topologies, but rather propagate nonlocally (Hines et al., 2017) . This means that the failure of a transformer at one station may not lead to the failure of its nearest neighbor, but instead the transformers at different geographic positions might fail. Therefore, the cascading propagation is a random phenomenon, which needs to be dealt with using a statistical approach such as an "influence graph" as reported in Hines et al. (2017) . The authors would like to encourage a deeper study of this problem at ocean-continent boundaries, and in particular on islands and along peninsulas.
Ideally, more realistic ionospheric current source geometries would be modeled than line and sheet current sources. For example, realistic currents or electric fields predicted by the BATS-R-US model (Gombosi et al., 2000; Powell et al., 1999) or measured through AMIE (Richmond, 1992) may be directly modeled. Further, as part of future work, the ocean-continent boundary effects may be studied using a global FDTD model (Simpson & Taflove, 2004) , which accounts for the Earth's complete topography, oceans, ionosphere, and complex arrangement of ionospheric currents. The global FDTD-calculated surface electric fields could then be compared with measurement data at specific positions around the Earth, for example, those in Thomson et al. (2005) and Wei et al. (2013) . Previously, this model was used to investigate short timescale electromagnetic fields over land (Simpson, 2011) . Using global FDTD grids at resolutions on the order of 1 km × 1 km × 1 km (these resolutions have already been simulated; Samimi & Simpson, 2016) ocean-continent boundary electromagnetic fields may be calculated while accounting for the complete Maxwell's equations, realistic ionospheric currents, the Earth's complete topography and bathymetry, the lithosphere conductivity inhomogeneities, and the global propagation of electromagnetic waves (which can circumnavigate the globe about seven times a second). Super-efficient global FDTD models will be needed, however, in order 
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Appendix A: Overview of the FDTD Models FDTD provides solutions to the complete Maxwell's equations (Ampere's and Faraday's laws), including displacement currents (Taflove & Hagness, 2005; Yee, 1966) . Using central differencing, the basic FDTD algorithm is second-order accurate in both space and time (Taflove & Hagness, 2005) .
A1. Fully 3-D FDTD Model Description
Fully 3-D FDTD models permit variation of the coastal and source geometries in all three Cartesian directions. An example 3-D FDTD grid cell is shown in Figure 1 . In 3-D, all six electric (E) and magnetic (H) field components are solved (E x , E y , E z , H x , H y , and H z ). From Gilbert (2014) , the electric fields at ocean-continent boundaries are expected to vary quickly with spatial position. Therefore, relatively high FDTD grid resolutions are used to investigate the ocean-continent effects on surface electromagnetic fields. Furthermore, the electromagnetic wavelength is reduced considerably within the ocean. Since FDTD requires at least 10 grid cells per wavelength throughout the grid, the grid resolution even higher in the ocean regions than the continent regions, on the order of 3000 m. Due to the different grid resolutions required in the ocean versus continent regions, a variable grid resolution is employed. Details about the variable grid resolution modeling approach are provided in the next section.
To ensure stability, the FDTD time step increment (dt) must satisfy the following relationship:
where dx, dy, and dz are the resolutions in the x, y, and z directions and v is the speed of the electromagnetic wave. Due to the small spatial resolution, the maximum dt values permitted in the simulations of this paper are on the order of microseconds. As a result, fully 3-D FDTD simulations of ocean-continent boundaries require long simulation times (a large number of time step iterations) in order to cover the long time spans of interest. The running times for the fully 3-D simulations average about four days using 256 processors.
To prevent unwanted reflections from the outside edges of the grid, the 3-D FDTD grid is terminated by a CPML (Roden & Gedney, 2000) in all four of the horizontal (x and y) directions. The two radial (vertical) directions of the grid are terminated by a monochromatic SIBC. These two boundary conditions are briefly described below.
A1.1. Variable Grid Resolutions
Variable gridding is used to reduce the computational burden of the FDTD models. The wavelength of the electromagnetic waves is greatly reduced in the oceans compared to the lithosphere and air regions. As a result, the wavelength of a 0.003 Hz electromagnetic wave (time period: 5 min.) is 10 8 km in air (free space) but just 31.8 km in an ocean, assuming a conductivity of 3.3 S/m. Further, the skin depth of the ocean at 0.003 Hz is~5 km. In general, FDTD requires at least 10 grid cells per wavelength to ensure accurate solutions. Also, three cells are needed per skin depth to account for the rapid decay of the fields in the conducting material. As a result, larger grid cells can be used in the air region/lithosphere compared to the oceans. Variable gridding is used to increase the resolution in increments as the oceans are approached by a factor of 2 (for example, decreasing the grid cell sizes from 6 to 3 km). This approach has been successfully implemented previously in global FDTD modeling of remote sensing of oil fields in order to account more accurately for the topography of the Earth (Simpson & Taflove, 2006) .
A1.2. Convolutional Perfectly Matched Layer (CPML) Boundary Condition
CPML (Roden & Gedney, 2000) is used to prevent reflections from the horizontal edges of the grids (x and y directions). CPML is a more advanced version of the original perfectly matched layer (PML) introduced in Berenger (1994) . CPML thicknesses are typically about 10 cells for most FDTD simulations (on the order of about one-half wavelength thick), and reflections from the CPML are typically on the order of 10 À4 and 10 À5 . However, due to the very low frequencies (and correspondingly long wavelengths) studied in this 10.1029/2017JA024648
Journal of Geophysical Research: Space Physics paper, a 10-cell-thick CPML is very thin relatively to a wavelength and the reflection is very high. As a result, a CPML that is on the order of 300 cells thick is used to better absorb the outgoing low-frequency electromagnetic waves.
A1.3. Surface Impedance Boundary Condition (SIBC)
SIBCs are typically used in FDTD grids to calculate the electromagnetic fields outside a lossy dielectric or conductor without having to model into its interior (Taflove & Hagness, 2005) . This greatly reduces the computational burden because the FDTD grid then does not need to resolve the quickly decaying fields due to the skin effect. For an ocean-continent boundary, however, it is desirable to model into the conducting ground and ocean, but only so far as to account for the ocean-continent boundary geometries of interest and the large variation in electrical conductivity between the ocean and continent. As a result, an SIBC is implemented at a depth of four skin depths (on the order of 100 km below the Earth's surface), where the skin depth of the lithosphere is considered since the ocean skin depth is much smaller. In this case, the SIBC provides even more accurate compared to when it is used directly on the surface of an ocean or continent. By using an SIBC, the variation of the conductivities deeper into the lithosphere cannot be taken into account (they are instead approximated as a homogeneous value). However, we expect the largest effects of the electric fields at ocean-continent boundaries to be due to the more drastic ocean versus continent change in electrical conductivity rather than due to more subtle conductivity variations within the lithosphere.
The monochromatic SIBC formulation of Beggs et al. (1992) is used along the bottom edges of all of the FDTD models, and the top of all of the FDTD models that include the conductivity profile of the ionosphere. When included at the top of the grid, the SIBC is applied at an altitude of 125 km to approximate the continuation of the ionosphere. We note that as a result, the ionospheric currents do not extend vertically up through the entire ionosphere. However, the continuity of the currents is provided by the SIBC approximating the conductive ionosphere. Further, the disturbed ionospheric currents closest to the Earth as modeled in the FDTD grid are expected to influence the ground electromagnetic fields the most. For the lithosphere, the SIBC coefficients are calculated using the equations given in Sevgi et al. (2002) . The SIBC is validated against brute-force modeling results (which involves extending the model deeper into the lithosphere until the electromagnetic fields decay sufficiently to zero, rather than terminating the lithosphere at a more shallow depth using an SIBC).
A2. Symmetrical 3-D FDTD Model Description
To reduce the computational running times, symmetrical 3-D FDTD models are used when possible. The running times for the symmetrical 3-D simulations average about two days while using 128 processors (half as long and half as many processors as the fully 3-D models). Figure 15 illustrates the symmetrical 3-D FDTD grid. In this case, half of the grid is modeled compared to the fully 3-D model. The grid extends to ie cells in the x direction, to je cells in the y direction, and to ke cells in the z direction. In the y direction, there are half as many cells as in the fully 3-D model due to symmetry. The source is oriented along the x direction as in the 3-D model, and it is located along the axis of symmetry (a distance of one grid cell, Δz, from the edge of the grid in the y direction). Normal field updates are performed at the source and in the +y direction from the source.
The field values in the second grid cell in the y direction (j = second cell) are then copied to the first grid cell (j = first cell). CPML is used to terminate the symmetrical 3-D grid in the ±x directions as well as on the +y side of the grid. The top and bottom edges of the grid (z direction) are terminated by an SIBC as for the fully 3-D model. Comparison of fully 3-D and symmetrical 3-D results yields identical results for cases wherein the geometry is symmetrical along the y direction away from the source. A symmetrical model may only be used if the model possesses symmetry in at least one direction. In the case of modeling 3-D objects with anisotropy in all three Cartesian directions, this symmetrical model may not be used.
A3. 2-D FDTD Model Description.
When the geometry can be considered homogeneous in one direction, and solutions for only three field components are needed, a 2-D FDTD model can be used. In this case, solutions along one plane of the grid cell (three different field components) are obtained. Referring to Figure 1 , solutions are obtained for the fields on the front face of the grid cell (E x , H y , and H z ).
